Thioflavin-T (ThT) is the most commonly used fluorescent dye for following amyloid formation semiquantitatively in vitro, specifically probing the fibrillar cross-b-sheet content. In recent years, structural polymorphism of amyloid fibrils has been shown to be an important aspect of amyloid formation, both in vitro and in neurodegenerative diseases. Therefore, understanding ThT-amyloid interactions in the context of structural polymorphism of amyloids is necessary for correct interpretation of ThT fluorescence data. Here we study the influence of fibril morphology on ThT fluorescence and ThT binding sites, with two morphologically distinct but chemically identical a-synuclein polymorphs. In ThT fluorescence assays the two polymorphs show type-specific fluorescence intensity behaviour although their b-sheet content has been shown to be similar. Further, fluorescence lifetime measurements of fibrilbound ThT reveal the presence of at least two qualitatively different ThT binding sites on the polymorphs. The relative distributions of the binding sites on the fibril surfaces appear to be morphology dependent, thus determining the observed polymorph-specific ThT fluorescence intensities. These results, highlighting the role of fibril morphology in ThT-based amyloid studies, underline the relevance of polymorphs in ThT-amyloid interaction and can explain the variability often observed in ThT amyloid binding assays.
Introduction
In vitro fibrillization of recombinantly produced proteins is frequently used as the first step to understand the physicochemical properties of amyloid proteins associated with a number of neurodegenerative diseases, like Alzheimer's disease (AD), Parkinson's disease (PD), or Huntington's disease (HD) [1] . Amyloid formation in in vitro experiments is usually probed by thioflavin-T (ThT) based fluorescence assays [2] . The ThT fluorescence intensity shows an amyloid-specific enhancement upon binding to cross-b-sheet containing fibrils. Despite the prevalent use of ThT for amyloid studies, observations like variability in ThT fluorescence intensities between replicates and the factors influencing amyloid fibril-ThT interactions are not well understood.
ThT is a cationic benzothiazole molecule, proposed to behave as a molecular rotor. In solution, the benzylamine and benzathiole rings of ThT can freely rotate about their shared carbon-carbon bond leading to quenched fluorescence. On binding to the cross b-sheet structures of amyloid fibrils, the rotational freedom about the carbon-carbon bond is lost, resulting in a chiral twisted conformation, which impedes non-radiative decay and thus enhances the fluorescence [3] [4] [5] [6] [7] . ThT is suggested to bind as a monomer on the fibril surface, where amino acid side-chains form binding channels oriented parallel to the long axis of the fibrils [2] [3] [4] [5] [6] 8, 9] . ThT is reported to have multiple binding sites on a fibril with comparable or distinct binding affinities [7, [9] [10] [11] [12] . Studies on amyloid b 1-40 (Ab ) and lysozyme fibrils suggested the presence of three and two high affinity binding sites respectively, with different binding stoichiometries [11] [12] [13] . Further, simulation studies on amyloid fibril-ThT interactions indicate a preference for spatially consecutive aromatic (tyrosine and phenylalanine) and hydrophobic (valine and leucine) amino acids in the binding channels as opposed to charged residues, thus suggesting a sequence-based determinant of ThT binding [14, 15] . It is well known that single amino acid differences in amyloidogenic proteins can influence the aggregation behaviour, the structure and morphology of the fibrils produced [16] [17] [18] [19] . Moreover, the self-assembly of a single type of protein monomer or peptide may result in a variety of fibril morphologies, known as polymorphism. For the Ab peptide, polymorphism as observed in atomic force microscopy (AFM) and electron microscopy (EM) [20] studies was reported to arise primarily from conformational variations in non-b-strand segments in the monomers when incorporated in the fibrils [21, 22] . These conformational differences are likely to result in altered boundaries of the b-strand segments in the folded monomers and in different quaternary interactions between the protofilaments [21, 23] . This implies that fibrils with distinct morphologies can have characteristic surface features, exposing different types of binding sites for interaction with amyloid-binding compounds like ThT, thus determining the fluorescence emitted by fibril-bound ThT [24, 25] .
In the present study, we investigate the relation between fibril morphology, ThT fluorescence behaviour and ThT binding sites. We use recombinantly produced a-synuclein (aSyn), linked to the pathogenesis of PD, as a model protein and compare the ThT fluorescence intensity in two polymorphs formed by two disease associated mutants, A30P (alanine at position 30 mutated to proline) and A53T (alanine at position 53 mutated to threonine). A30P and A53T aSyn form ThT-positive fibrils with characteristic aggregation kinetics and fibril morphologies (polymorphs). By seeded aggregation reactions, we prepared fibrils with identical wild-type (wt) monomers templated on low concentrations of A30P or A53T seeds that produced fibrils with high chemical similarity (99.98% wt monomers). The resultant fibrils exhibited the fibril-ThT interaction typical of the parent polymorphs. Further insights from the residual soluble protein (RSP) concentrations and the fluorescence lifetimes of ThT when bound to the two polymorphs at room temperature and 80 C revealed that morphologically discrete fibrils have at least two qualitatively distinct binding sites for ThT on their surface. Moreover, the distribution of these sites on the fibril surface, a consequence of the fibril morphology, determines the observed ThT fluorescence intensity.
Materials and methods
aSyn purification and fibrillization Wt and two disease associated mutants of aSyn (A30P and A53T) were expressed and purified as described earlier [26] . A30P and A53T were fibrillized in a de novo aggregation reaction as follows: 250 mM monomeric stocks, frozen at À80 C were thawed and fibrillized in reactions with 100 mM aSyn, 10 mM Tris-HCl, 10 mM NaCl, 0.1 mM EDTA, and 20 mM ThT, at pH 7.4. The fibrils produced in the aggregation reaction were termed F 0 generation. All the reactions were prepared in triplicates in 200 ml volume and incubated in 96-well plates with optical bottoms (nontreated-Optical Polystyrene Polymer Bottom plates, Nunc, Thermo Fisher Scientific (Waltham, MA), Cat # 265301), sealed with adhesive film (Viewseal, Greiner Bio One, St. Louis, MO). The plates were incubated at 37 C with orbital shaking in a Safire2 microplate reader (Tecan, M€ annedorf, Switzerland) for 96 h. The aggregation reactions were monitored by using 446 nm excitation and by following the ThT fluorescence emission intensity (bottom reading) at 485 nm. Readings were taken every 15 min.
Seeded aggregation reactions
Seeded aggregation reactions were performed using preformed fibrils as seeds. Seeds were prepared by sonicating 100 ml of A30P and A53T fibrils (from generation F 0 ) in a bath sonicator (Branson 1510) for 2 min in thin walled 200 ml PCR tubes. Aggregation reactions were set up as mentioned above but with 98 mM wt aSyn monomers and 2 mM seeds (based on initial monomer concentration) of A30P and A53T fibrils (from generation F 0 ). Fibrillization was followed as previously stated (resultant fibrils: F 1 ). Next, the fibrils formed in the F 1 generation were used as seeds (1 mM) following the same protocol as above to produce F 2 generation fibrils. The fibrils produced in the F 1 and F 2 generations are called as A30P and A53T templated fibrils based on the seeds used from the F 0 aggregation reaction (for a schematic representation of the strategy refer to Supporting information Figure S1 ).
Atomic force microscopy (AFM)
AFM samples were prepared at the end phase of each aggregation reaction (as determined by the ThT assay) to compare the morphology of the formed fibrils. The samples were prepared by about 10-fold dilution of the aggregation reactions in aggregation buffer. The samples (10 ml) were adsorbed on freshly cleaved mica (Muscovite, V-1 quality, EMS) for 4 min, followed by gentle washing with 100 ml of Milli-Q water and drying in a mild stream of N 2 gas (filtered through a 0.22 mm filter). AFM images were acquired on a Bioscope Catalyst instrument (Bruker, Billerica, MA) in soft tapping mode in air using a NSC36 probe, tip B, with a force constant of 1.75 N/m (NanoAndMore). All images were captured with a resolution of 512 Â 512 pixels per image at a scan rate of 0.5 Hz. Post-acquisition, images were processed using Scanning Probe Image Processor (SPIP) 6.0.13 software (Image Metrology, Boston, MA).
Residual soluble protein (RSP) concentration determination
To determine the amount of soluble protein in the aggregation reaction at the plateau phase (as determined by the ThT assay), 100 ml of aggregation reaction mix was centrifuged at 21,000 Â g at room temperature for 1 h in an IEC Micromax microcentrifuge (Thermo Fisher Scientific, Waltham, MA). Fifty microliters of the supernatant were removed and the absorbances, A 280 and A 330 at 280 and 330 nm, respectively, were measured on a NanoDrop ND-1000 spectrophotometer (Isogen Life Science, De Meern, The Netherlands). The absorption at 280 nm was corrected for scattering contributions (A 330 ), possibly from oligomeric assemblies, before calculation of the RSP concentration [27] . The residual concentration of ThT was calculated by measuring the absorbance of the supernatant at 412 nm and using an extinction coefficient of 26,620 cm À1 M À1 .
ThT fluorescence lifetime measurements
The fluorescence lifetimes of ThT when bound to A30P and A53T templated fibrils (F 2 ) were determined by analysis of the fluorescence decay curves obtained by time correlated single photon counting (TCSPC). TCSPC measurements were done on a single photon-counting controller FluoroHub connected to a Fluoromax-4 spectrofluorometer (HORIBA Jobin Yvon, Clifton Park, NY). The instrument response function (prompt) was measured by illumination of a Ludox AS-30 colloidal silica solution at 460 nm. A pulsed diode light source, NanoLED-460 nm with a pulse duration of 1.3 ns and a repetition rate of 1 MHz was used for illumination (slit width: 5 nm). Next, the samples were illuminated with the same source and the emission was followed at 485 nm in a 5 mm path length quartz cuvette. The decay curves were analyzed using DAS6 software (HORIBA Jobin Yvon, Clifton Park, NY), which uses reconvolution of the instrument response function to accurately recover the samples' decay. A 2-component exponential fit was used to obtain the lifetimes of the fast and slow components along with their relative amplitudes.
Results and discussion
A30P and A53T aSyn are two disease associated mutants of aSyn implicated in familial forms of Parkinson's disease. The two mutants have been shown to exhibit distinct aggregation kinetics and fibril morphologies [17] [18] [19] [28] [29] [30] . In earlier studies, we have shown that these disease mutants form stable fibrils of distinct morphology and that cross seeded aggregation between these mutants is sensitive for seed morphology [19, 30] . Based on these observations, we here study the interaction of morphologically distinct but chemically identical polymorphs of aSyn with the standard amyloid probe ThT, to understand the contribution of fibril morphology in ThT readouts.
aSyn polymorphs from A30P and A53T monomers A30P and A53T monomers were fibrillized in uniform aggregation conditions with 20 mM ThT. Titration of 100 mM aSyn fibrils (wt-F 0 , A30P templated-F 2 and A53T templated-F 2 ) against ThT showed a sharp increase in ThT fluorescence intensity up till about 20 mM ThT concentration followed by a gradual decrease in the fluorescence intensity ( Figure S2 ) (note 1 in SI; Figure S3 ) [31] . Therefore, 20 mM ThT was chosen to follow all the aggregation reactions. The t 1/2 for A30P aggregation was $36 h, while t 1/2 for A53T aggregation was $20 h, showing faster aggregation of A53T monomers in comparison to A30P monomers. A30P fibrils exhibited higher final fluorescence intensity in comparison to A53T fibrils at the plateau phase ( Figure 1(A) ). The plateau phase aggregation reactions are typically a mix of fibrils, oligomers and monomers. Monomers and oligomers do not usually result in an increase in the ThT fluorescence ( Figure S4 ), therefore the majority of the enhanced ThT fluorescence is expected from fibril-ThT interaction. To determine the concentration of protein in fibrillar form, contributing to the enhanced ThT fluorescence intensity, fibrils were separated from monomers and oligomers by high-speed centrifugation. Surprisingly, the RSP concentration showed greater conversion of soluble monomers into fibrils in the A53T aggregation reaction compared to the A30P aggregation reaction (Figure 2 : F 0 and Table S1 ). Thus, the RSP concentration determination and fluorescence intensities show that a lower fibril mass of A30P fluoresces with higher intensity than a higher mass of A53T fibrils. Next, the fibrils from the plateau phase were imaged by tapping mode AFM to study the fibril morphology. Extensive quantitative morphological studies, over a period of one year, have been reported previously by our group for A30P and A53T fibrils [30] . Here, A30P and A53T samples contained several micron long fibrils (Figure 3(A,B) : inset). AFM height images show A30P fibrils to have a periodic twist with an average periodicity (Figure 3(A,C) ) in agreement with the previously reported average periodicity of 105 ± 7 nm and average height of 5.6 ± 0.7 nm [30] . The morphology of the A53T fibrils with longer periodicity and a number of fibrils associated with each other (heterogeneous fibrils) was also in accordance with the earlier reported average periodicity of 282 ± 87 nm along with heterogeneous fibrils and an average height of 6.4 ± 1.2 nm (Figure 3(B) ) [30] . Thus, both the disease mutants formed fibrils of different morphology in the aggregation conditions used here. The inverse relation between ThT intensities and fibrillar mass, together with the apparent morphological differences suggest that ThT is likely to experience distinct binding surfaces on morphologically discrete fibrils, thereby affecting its fluorescence intensity.
The proposed polymorph-specific ThT interactions could arise due to characteristic secondary, tertiary, or quaternary fibril structure induced by the primary sequence (chemistry) of the aSyn monomers. However, we have previously shown using ATR-FTIR that even with distinct morphology, A30P and A53T fibrils have highly similar b-sheet content of 66% and 68%, respectively [30] . Moreover, recent high-resolution studies using solid-state NMR on polymorphic fibrils of b-endorphin fibrils reported nearly identical atomic structure in polymorphs [32] . Therefore, the morphological differences of the polymorphs are likely tertiary and/or quaternary in origin.
Chemically identical wt aSyn polymorphs
The polymorphs from A30P and A53T monomers differ in two amino acids with respect to each other. To establish if the polymorph type-specific ThT fluorescence intensities are due to differences in the protein sequence and/or fibril morphology, we prepared chemically highly similar (99.98% wt monomers) but morphologically different fibrils by seeding wt monomers with A30P or A53T seeds. Aggregations were done for two generations with 2 mM (F 0 fibrils) and 1 mM (F 1 fibrils) seeds, respectively ( Figure S1 ). Since the disease mutant protein contribution in the final aggregation reactions (F 2 ) is negligible (about 0.02%), we considered these fibrils to be chemically identical. The morphology of the resultant fibrils from each generation was probed by AFM to ascertain the preservation of seed (F 0 ) morphology over multiple aggregation reactions.
Morphology of chemically identical polymorphs
In our study, A30P seeded aggregation reactions produced fibrils with A30P fibril morphology, while A53T seeded aggregation reactions resulted in fibrils of A53T fibril morphology (Figure 4(A,B) and Figures S5 and S6) . The transmission of seed morphology to wt aSyn monomers is in agreement with a previous seeded aggregation study [33] . The fibrils from A30P and A53T seeded aggregations will be subsequently referred to as A30P and A53T templated fibrils, respectively. The next round of seeded aggregation reaction (F 2 ) was performed with wt aSyn monomers, using A30P and A53T templated fibrils from the F 1 generation as seeds. The fibrils produced (F 2 generation) recapitulated the fibril morphologies of the seeds with average periodicity of 113 ± 6 nm (N ¼ 49) for A30P templated fibrils and 262 ± 67 nm (N ¼ 34) for A53T templated fibrils (Figure 4(C) and Figures S5 and S6) . The A53T templated fibrils also showed heterogeneous and non-periodic fibrils that are characteristic of A53T fibrils [30] . Therefore, at the plateau phase of the F 2 generation, both types of fibrils (A30P and A53T templated) are composed of the same monomers (wt aSyn) but exhibit different morphologies, characteristic of A30P and A53T fibrils in F 0 (Figure 4 and Figures S5 and S6 ).
ThT aggregation kinetics of chemically identical polymorphs
As expected, with seeded aggregation reactions, the fibrillization kinetics of A30P and A53T templated fibrils, based on the ThT intensity assay, did not show a lag phase in both F 1 and F 2 generation. In seeded aggregation reactions with A30P as well as A53T templated fibrils, the t 1/2 was $12 h. A30P templated fibrils showed higher fluorescence intensity compared with the A53T templated fibrils from the start, and akin to the F 0 generation had higher final fluorescence intensity (F 2 shown in Figure 1(B) ). The RSP concentration however revealed incorporation of 95% of the monomers into fibrils in A53T templated fibrils as opposed to only 65% in A30P templated fibrils (Figure 2: F 2 and  Table S1 ) which showed more intense ThT emission. We checked the supernatants for the presence of residual fibrillar aggregates by ThT assays. None of the samples showed an increase in the fluorescence intensity, thus indicating that ThT positive aggregates are not present in the supernatant (data not shown). The lower fluorescence intensity of the A53T templated fibrils is also not due to less ThT binding as calculations based on residual ThT concentrations showed that all of the provided ThT was bound in the A53T templated fibrils ( Table 1 ). The chosen concentration was also not limiting in the aggregation reactions as addition of additional (20 mM) ThT at the end of the aggregation reactions did not result in higher fluorescence intensity (data not shown). Therefore, in comparison to A53T templated fibrils, lower fibrillar mass of A30P templated fibrils shows distinctly higher fluorescence intensity with a comparable fraction of bound ThT. Observation of the same trend, in both the ThT intensity assay and RSP concentrations, between the non-seeded (F 0 ) and seeded (F 2 ) fibrils (see Note 2 in SI) is in agreement with one of our previous reports where aggregation characteristics in a seeded aggregation reaction were reported to be seed-specific [19] and suggests that the ThT fluorescence intensity is related to the fibril morphology.
ThT fluorescence lifetimes and relative amplitudes
The observed trend in the ThT assay and RSP concentrations could be due to different types of binding sites that affect the quantum yield of the fibril bound ThT [7] . The simplest explanation could be that the fluorescence quantum efficiency of ThT bound to A30P templated fibrils is higher than when bound to A53T templated fibrils, which results in higher fluorescence. To probe this hypothesis, we measured the fluorescence lifetimes (higher quantum efficiency should give longer lifetime) of ThT in A30P and A53T templated fibrils (F 2 ) by time correlated single photon counting (TCSPC). The fluorescence decay curves for A30P and A53T templated fibrils did not show a single exponential decay signifying there is more than one type of binding site on the fibrils' surface. The data were analyzed with a 2-component exponential fit, which was found sufficient to fit the data accurately ( Figure 5 ). ThT bound to both polymorphs showed a fast (s 1 ) and slow (s 2 ) lifetime component ( Table 2 ). The lifetime of the slow component when bound to A30P and A53T templated fibrils is not significantly different at 1.68 ± 0.02 and 1.64 ± 0.04 ns, respectively. The lifetime of the fast component of A30P templated fibrils and for A53T templated fibrils is also similar (0.31 ± 0.04 and 0.22 ± 0.01 ns, respectively). However, notably different values for s 1 and s 2 suggest that ThT binds to different binding sites that allow varied degree of intermolecular flexibility in bound ThT. s 1 with lifetimes in the range of some hundred picoseconds, most likely corresponds to ThT sites that allow some intramolecular flexibility leading to low fluorescence. s 2 with lifetimes in the nanosecond range, likely represents tight embedding of ThT molecules that hinders non-radiative deactivation. The relative amplitude of the slower component is 17 percentage points less in A53T (40%) than in A30P (57%) templated fibrils, suggesting that the proportion of these binding sites on the two polymorphs are different (Table 2) . Therefore, the observed fluorescence intensity trends for ThT bound to fibrils of distinct morphology is not due to global differences in the fluorescence quantum efficiency but due to differences in the relative distribution of at least two ThT binding sites on the fibril surfaces.
To gain further insights if the binding sites resulting in s 1 and s 2 in A30P and A53T templated fibrils are identical or different, we determined fluorescence lifetimes at 80 C. At higher temperature, the dynamic equilibrium between the fibril-ThT interactions is expected to change due to temperature sensitive flexibility of the ThT-binding sites. Similar changes in the samples would suggest similar binding sites on the two types of fibrils.
At 80 C, the lifetime of the slow component of ThT bound to A30P templated fibrils changed marginally from 1.68 ± 0.02 to 1.60 ± 0.04 ns, but the relative amplitude dropped by 35 percentage points from 57% to 22%. ThT bound to A53T templated fibrils on the other hand showed a 20% decrease in lifetime (1.30 ± 0.04 ns) as well as 18 percentage point decrease in the relative amplitude. Hence, at higher temperature, the changes in the fibril-ThT interactions are very different; this confirms that the binding sites for ThT on A30P and A53T templated fibrils are different.
The presence of different binding sites in polymorphs thus results in distinct ThT intensities. Therefore, aggregation reactions resulting in different relative ratios of polymorphs can be expected to show different final fluorescence intensities. Given the stochastic nature of nucleation and fibrillization, even within triplicates the ratio of polymorphs is expected to be different. Varied distribution of polymorphs in an aggregation reaction could thus be the likely explanation for the generally poor reproducibility of ThT based fluorescence assays. Congruently, as also shown in this report, seeded aggregation reactions and protocols optimized to yield homogeneous fibril populations, display improved reproducibility in ThT assays [26, 34, 35] .
Conclusions
ThT is routinely used as a standard probe in comparative aggregation studies to examine the effect of mutations, solution conditions, and small molecule inhibitors on amyloid aggregation kinetics. Bulk aggregation reactions, however, normally contain a morphologically heterogeneous population of amyloid fibrils. We show from chemically identical polymorphs of aSyn that the distribution of qualitatively different binding sites is polymorph specific. In case of aSyn, polymorphs of A30P and A53T mutants present at least two ThT binding sites that allow different degrees of flexibility for the bound ThT molecule and consequently variable fluorescence intensities. Thus, modes of fibril-ThT interaction are highly specific for fibril morphology and the relative distributions of binding sites determine the observed ThT intensities.
